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The detailed behavior of the in-plane infrared-active vibrational modes has been determined in
AFe2As2 (A= Ca, Sr, and Ba) above and below the structural and magnetic transition at TN = 172,
195 and 138 K, respectively. Above TN , two infrared-active Eu modes are observed. In all three
compounds, below TN the low-frequency Eu mode is observed to split into upper and lower branches;
with the exception of the Ba material, the oscillator strength across the transition is conserved. In
the Ca and Sr materials, the high-frequency Eu mode splits into an upper and a lower branch;
however, the oscillator strengths are quite different. Surprisingly, in both the Sr and Ba materials,
below TN the upper branch appears be either very weak or totally absent, while the lower branch
displays an anomalous increase in strength. The frequencies and atomic characters of the lattice
modes at the center of the Brillouin zone have been calculated for the high-temperature phase for
each of these materials. The high-frequency Eu mode does not change in position or character across
this series of compounds. Below TN , the Eu modes are predicted to split into features of roughly
equal strength. We discuss the possibility that the anomalous increase in the strength of the lower
branch of the high-frequency mode below TN in the Sr and Ba compounds, and the weak (silent)
upper branch, may be related to the orbital ordering and a change in the bonding between the Fe
and As atoms in the magnetically-ordered state.
PACS numbers: 63.20.-e, 75.30.-m, 78.30.-j
I. INTRODUCTION
The discovery of superconductivity in the iron-based
materials [1] with superconducting critical temperatures
(Tc’s) in excess of 50 K [2, 3] has prompted an intensive
investigation of the physical properties of these multi-
band materials in an effort to understand the pairing
mechanism of the superconductivity [4–8]. The par-
ent compounds are generally paramagnetic metals at
room temperature. As the temperature is reduced they
typically undergo a structural and magnetic transition
into antiferromagnetic (AFM) state, but remain metal-
lic. The AFe2As2 (A= Ca, Sr, or Ba) materials are par-
ticularly interesting; not only do they undergo struc-
tural and magnetic transitions, but superconductivity
may also be induced through a variety of chemical sub-
stitutions, as well as through the application of pressure.
The compound CaFe2As2 is tetragonal at high tempera-
ture; depending on growth conditions, it either undergoes
a magnetic and structural transition to an orthorhom-
bic phase with spin-density-wave-like magnetic order at
TN ' 172 K [9–13], or it undergoes a dramatic decrease
of the c-axis lattice parameter and enters into a non-
magnetic, collapsed-tetragonal (cT) phase below 100 K
[14, 15]; the cT phase, which is unique to this mate-
rial, may also be stabilized by the application of pres-
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sure [16, 17] or through chemical substitution on various
sites [18–21]. Superconductivity may be induced through
chemical substitution, resulting in electron [22–25], hole
[26], or isovalent [19] doping; co-doping with La and P has
been reported to yield a critical temperature as high as
Tc ' 45 K [27]. Superconductivity may also be induced
through the application of pressure [14, 16, 28–30]. In
SrFe2As2, the structural and magnetic transition is ob-
served at a somewhat higher temperature, TN ' 195 K
[31–33]; superconductivity may be induced through a va-
riety of chemical substitutions [23, 34–37], as well as pres-
sure [38, 39], with Tc’s in the hole-doped materials as
high as ' 37 K. The structural and magnetic transition
in BaFe2As2 is lower than what is observed in the other
two materials, TN ' 138 K [40]; superconductivity may
be induced through the application of pressure [38, 41–
43], or by chemical substitution [29, 44–55], with Tc’s as
high as ' 40 K in the hole-doped materials.
As with the cuprates, the proximity of superconduc-
tivity to an AFM region suggests that the superconduc-
tivity may be mediated by spin fluctuations [56–59], a
notion that is supported by the argument that electron-
phonon coupling in this class of materials is too small to
give rise to the high transition temperatures [60]. How-
ever, the behavior of the infrared-active lattice modes
can, nonetheless, be quite striking; an example of this is
the infrared phonon anomaly in BaFe2As2 observed be-
low the structural and magnetic transition [61–65]. In
addition, the observation of a large iron isotope effect in
several iron-based superconductors suggests an uncon-
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2ventional role for electron-phonon coupling may be pos-
sible [66].
In this work we extend our recent investigation of the
electronic properties of the AFe2As2 (A= Ca, Sr, or Ba)
parent compounds [67], to include the detailed behavior
of the in-plane infrared-active vibrational modes above
and below TN . In each of the materials, two infrared-
active Eu modes are observed above TN . Below the
structural and magnetic transition, the low-frequency Eu
mode splits into an upper and a lower branch of some-
what different strengths. In the Ca and Sr materials,
the oscillator strength is conserved across the transition;
however, in the Ba material the strength of this mode
appears to weaken slightly below TN . In the Ca and Sr
materials, the high-frequency Eu mode splits into an up-
per and lower branch below TN ; the two branches have
dramatically different intensities. The oscillator strength
is conserved through the transition in the Ca material,
but displays an anomalous increase in strength below TN
in the Sr material. In Ba material, the high-frequency
Eu mode no longer appears to split below TN ; instead,
it appears to undergo an abrupt decrease in frequency to
become the lower branch, with the upper branch now be-
ing either very weak or completely absent. Furthermore,
the oscillator strength of this mode increases anomalously
below TN [61]. Both the high and low-frequency modes in
this material display an asymmetric line shape below the
structural and magnetic transition, indicating that the
lattice modes may be coupling to spin or charge excita-
tions. The vibrational frequencies and atomic intensities
have been calculated at the center of the Brillouin zone
for the high-temperature tetragonal phase using an ab
initio method for the three different compounds. The
high-frequency mode involves only in-plane Fe and As
displacements that shows little change in frequency or vi-
brational character across the Ca→Sr→Ba series. How-
ever, the position of the low-frequency mode decreases
significantly, with the character of the low-frequency
mode shifting from an almost pure alkali-earth mode in
the Ca material, to a more mixed character in the Sr
and Ba compounds, that includes a significant compo-
nent from the FeAs planes. Surprisingly, simple empirical
force-constant models predict that both infrared-active
Eu modes should split into two new vibrations of roughly
equal strength, contrary to what is observed for the high-
frequency Eu mode. We consider the possibility that the
lack of splitting and the anomalous increase in strength
observed in the high-frequency Eu mode below TN may
be related to the orbital ordering and the change in the
nature of the bonding between the As and Fe atoms in
the magnetically-ordered state.
II. EXPERIMENT
Single crystals of AFe2As2 (A= Ca, Sr, or Ba)
were grown using conventional high-temperature solution
growth techniques either out of self flux (A= Ba) [45],
or out of Sn flux (A= Ca, Sr) [9, 15, 68], and char-
acterized by x-ray scattering, electrical resistivity and
magnetic susceptibility measurements. The reflectance
of mm-sized, as-grown crystal faces has been measured
at a near-normal angle of incidence for light polarized
in the a-b planes over a wide frequency range from the
far infrared (' 3 meV) to the ultraviolet (' 5 eV) for a
wide variety of temperatures above and below TN using
an in situ evaporation technique [69]. Only naturally-
occurring crystal faces have been used; the samples have
not been cleaved or polished. The complex conductivity
is determined from a Kramers-Kronig analysis of the re-
flectance [70], the details of which have been discussed in
a previous publication [67].
III. RESULTS AND DISCUSSION
The vibrational properties of these materials are deter-
mined from the symmetry properties of the space group.
Above TN , the three materials studied all crystalize in
the tetragonal I4/mmm space group. The irreducible
vibrational representation is
ΓHT = A1g +B1g + 2Eg + 2A2u + 2Eu,
where the Eu and A2u vibrations are infrared active in
the a-b planes and along the c axis, respectively. Accord-
ingly, the two infrared active modes observed in these ma-
terials at room temperature are assigned as Eu modes.
Below TN , there is a weak structural transition to an
orthorhombic Fmmm space group, with the irreducible
vibrational representation,
ΓLT = Ag +B1g + 2B2g + 2B3g + 2B1u + 2B2u + 2B3u,
where the B1u modes are active along the c axis, and the
orthorhombic distortion lifts the degeneracy of the Eu
mode and splits it into B2u+B3u (active along the b and
a axes, respectively) for a total of four infrared-active
modes at low temperature. However, ab initio studies
indicate that the splitting of the Eu mode in the related
LaFeAsO compound should be relatively small [71], of
the order of 1.5 cm−1 (0.2 meV).
In the absence of coupling to a continuum of excita-
tions, infrared-active modes usually display a symmetric
Lorentzian profile. However, it is possible that coupling
to either a spin or charge background may be present, so
the infrared-active vibrations have been fit using a phe-
nomenological complex dielectric function, ˜ = 1 + i2,
for a Fano-shaped Lorentz oscillator [72, 73],
˜(ω) =
Ω20
ω20 − ω2 − iγ0ω
(
1 + i
ωq
ω
)2
+
(
Ω0ωq
ω0ω
)2
, (1)
where ω0, γ0 and Ω0 are the position, width, and
strength of the vibration, respectively, and the asymme-
try is described by the dimensionless parameter 1/q =
ωq/ω0. The complex conductivity is σ˜(ω) = σ1 + iσ2 =
3−2piiω[˜(ω)− ∞]/Z0 (in units of Ω−1cm−1); Z0 ' 377 Ω
is the impedance of free space. The complex conductivity
satisfies σ˜∗(ω) = σ˜(−ω). The real and imaginary parts
of the optical conductivity are then:
σ1(ω) =
2pi
Z0
Ω20
[
γ0ω
2 − 2(ω2ω0 − ω30)/q − γ0ω20/q2
]
(ω2 − ω20)2 + γ20ω2
, (2)
and
σ2(ω) =
2pi
Z0
ωΩ20
[
(ω2 − ω20)− 2γ0ω0/q + (ω2 − ω20 + γ20)/q2
]
(ω2 − ω20)2 + γ20ω2
. (3)
Note that for finite ω0, in the ωq → 0 (or 1/q2 → 0)
limit, the dielectric function for a simple Lorentz oscilla-
tor is recovered; however, as 1/q2 increases the line shape
becomes increasingly asymmetric.
The infrared-active modes are superimposed on an
electronic background, which in our previous study of
these materials [67] was modeled using the two-Drude
model [74]
˜(ω) = ∞−
2∑
j=1
ω2p,D;j
ω2 + iω/τD,j
+
∑
k
Ω2k
ω2k − ω2 − iωγk
, (4)
where ∞ is the real part at high frequency. In the first
sum, ω2p,D;j = 4pinje
2/m∗j and 1/τD,j are the square of
the plasma frequency and scattering rate for the delocal-
ized (Drude) carriers in the jth band, respectively, and nj
and m∗j are the carrier concentration and effective mass.
In the second summation, ωk, γk and Ωk are the posi-
tion, width, and strength of the kth vibration or bound
excitation.
A. CaFe2As2
The detailed optical properties of CaFe2As2 have been
previously determined by us over a wide frequency range
above and below TN [67]. The real part of the optical
conductivity is shown with the electronic background re-
moved in Fig. 1(a) in the region of the low-frequency
Eu mode at ' 142 cm−1 (the curves have been off-
set for clarity). At room temperature, only one mode
may be observed; below TN , this mode clearly splits
into two features at ' 138 and 146 cm−1 in response
to the orthorhombic distortion, in agreement with a pre-
vious study [65]. The fit to the real and imaginary
parts of the optical conductivity at 5 K is shown in
Figs. 1(b) and 1(c), respectively, using the Fano line
shapes in Eqs. (2) and (3) with an electronic background
described by the two-Drude model; the line shapes are
reproduced quite well. The position of the low-frequency
Eu mode is gradually increasing with decreasing tem-
perature until it splits below TN ; the upper branch in-
creases slightly in frequency (hardens), while the lower
branch decreases (softens) as the temperature is lowered,
shown in Fig. 1(d). We adopt the scheme of applying the
color of the fundamental to the strongest feature; just
below TN the fundamental increases abruptly to become
the upper branch. The line width shown in Fig. 1(e) is
decreasing with temperature; below TN there is no dis-
continuity as the widths of the new modes are roughly
equal and continue to decrease with temperature. Below
TN the oscillator strength of the lower branch is less than
that of the upper branch [reflected in the color scheme of
Fig. 1(d)]. Individually, the strengths of these modes are
less than that of the high-temperature mode, but if the
strengths are added in quadrature, that is Ω21 + Ω
2
2, then
they reproduce the strength of the original Eu mode, as
shown in Fig. 1(f). The small value of the asymmetry
parameter in Fig. 1(g) indicates that the modes are all
symmetric, both above and below TN .
The real part of the optical conductivity is shown with
the electronic background removed in Fig. 1(h) in the
region of the high-frequency Eu mode at ' 258 cm−1
(the curves have been offset for clarity). At room tem-
perature a single mode is observed; below TN two new
modes appear at ' 261 and 267 cm−1; the fit to the real
and imaginary parts of the optical conductivity at 5 K
using two oscillators reproduces the data quite well, as
shown in Figs. 1(i) and 1(j), respectively. We note that
there is some evidence for an extremely weak feature at
' 254 cm−1 below about 50 K; however, because the Eu
mode is doubly degenerate and is therefore expected to
yield no more than two new features, and because there
are no nearby Raman modes (Table I) that might possi-
bly be activated through a symmetry-breaking process,
the origin of this structure remains uncertain. In gen-
eral, where there are a number of other weak features in
Figs. 1(a) and 1(h) that might reasonably be argued to
be due to vibrational structure, we limit our attention
to only those features that show a systematic temper-
ature dependence. Above TN the frequency of the Eu
mode increases relatively quickly with decreasing tem-
perature; below TN this mode continues as a very weak
upper branch that continues to harden, while the fun-
damental undergoes an abrupt decrease in frequency to
form a strong lower branch that hardens slightly with de-
creasing temperature, shown in Fig. 1(k). Interestingly,
the dotted line connecting the fundamental above TN to
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Figure 1. (a) The temperature dependence of the low-frequency Eu mode in the real part of the optical conductivity for
CaFe2As2 (TN ' 172 K) with the electronic background removed. (b) The results of the fit at 5 K to the real part of the optical
conductivity, and (c) the imaginary part. The temperature dependence of the (d) positions; (e) line widths; (f) strength of the
modes (for T < TN , the open circles are the strengths of the two modes added in quadrature); (g) asymmetry parameters. (h)
The temperature dependence of the high-frequency Eu mode in the real part of the optical conductivity with the electronic
background removed; the position of the fundamental is indicated by solid circles, below TN the position of the upper band is
denoted by the open circles. A possible low-temperature feature of uncertain origin is denoted by the question mark. (i) The
results of the fit at 5 K to the real part of the optical conductivity, and (j) the imaginary part. The temperature dependence of
the (k) positions; (l) line widths; (m) strength of the modes (for T < TN , the open circles are the strengths of the two modes
added in quadrature); (n) asymmetry parameters. Unless otherwise indicated in the text, the dotted lines are drawn as a guide
to the eye.
the weak upper branch below TN is the expected behav-
ior for a symmetric anharmonic decay into two acoustic
modes with identical frequencies and opposite momenta
[78–80]. The width of the mode shown in Fig. 1(l) is de-
creasing with temperature; below TN the width of the up-
per branch and lower branches are similar, and both con-
tinue to decrease with temperature; the dotted line again
indicates the behavior expected from an anharmonic de-
cay scheme. The strength of the upper branch is much
less than that of the lower branch, as shown in Fig. 1(m),
but once again when the oscillator strengths are added in
quadrature then they appear to reproduce the strength
of the Eu mode at high temperature. The asymmetry
parameter in Fig. 1(n) indicates that the modes are sym-
metric, both above and below TN .
The frequencies and atomic intensities (the square of
the vibrational amplitude of each atom for a normal
mode) have been calculated using the relaxed unit cell
parameters for the high-temperature I4/mmm tetrag-
onal phase (for details refer to the Appendix and Ta-
ble II); the results are shown in Table I. The position
of the low-frequency Eu mode, ' 143 cm−1 measured
5Table I. Calculated frequencies and atomic intensities of AFe2As2 (A= Ca, Sr, and Ba) for the zone-center modes in the
high-temperature tetragonal (I4/mmm) phase.
CaFe2As2 SrFe2As2 BaFe2As2
ωexp ωcalc Atomic intensity ωexp ωcalc Atomic intensity ωexp ωcalc Atomic intensity
Symmetry (cm−1) (cm−1) Ca Fe As (cm−1) (cm−1) Sr Fe As (cm−1) (cm−1) Ba Fe As
Eg − 311 0.00 0.72 0.28 264c 313 0.00 0.72 0.28 264a 313 0.00 0.72 0.28
Eu 264
a 295 0.00 0.56 0.44 257a 294 0.00 0.55 0.45 258a 298 0.00 0.55 0.45
A2u − 279 0.00 0.58 0.42 − 282 0.00 0.58 0.42 − 289 0.00 0.58 0.42
B1g 211
b 215 0.00 1.00 0.00 204c 226 0.00 1.00 0.00 217d 237 0.00 1.00 0.00
A1g 189
b 206 0.00 0.00 1.00 182c 216 0.00 0.00 1.00 183d 207 0.00 0.00 1.00
Eg − 133 0.00 0.28 0.72 114c 137 0.00 0.28 0.72 131d 146 0.00 0.28 0.72
Eu 143
a 127 0.87 0.07 0.06 109a 98 0.75 0.12 0.12 94a 87 0.65 0.17 0.18
A2u − 119 0.86 0.05 0.09 − 99 0.75 0.10 0.15 − 94 0.66 0.14 0.20
a This work; positions determined just above TN .
b Ref. 11; the A1g (Ag) and B1g modes are only observed below TN .
c Ref. 75.
d Refs. 76 and 77; the A1g (Ag) mode is only observed below TN .
just above TN , is in reasonable agreement with the cal-
culated value of 127 cm−1; the atomic intensities indicate
that this mode involves mainly the Ca atom, with only
minor contributions from the Fe and As atoms. The cal-
culated position of the high-frequency mode at 295 cm−1
is somewhat above the observed value at 264 cm−1; the
atomic intensities indicate that this in-plane mode in-
volves roughly equal contributions from the Fe and As
atoms, with no contribution from the Ca atom.
B. SrFe2As2
The detailed optical properties of SrFe2As2 have been
previously determined by us over a wide frequency range
above and below TN [67]. The real part of the optical
conductivity is shown in Fig. 2(a), with the electronic
background removed, in the region of the low-frequency
Eu mode at ' 109 cm−1 (the curves have been offset
for clarity). At room temperature, only a single mode
is observed; this crystal is somewhat smaller than the
other two, consequently the data is a bit noisier in the
long-wavelength region. Below TN ' 195 K this mode
clearly splits into two features at ' 107 and 112 cm−1.
Using the previously described approach, the Fano line
shape is fit to the real and imaginary parts of the opti-
cal conductivity at 5 K as shown in Figs. 2(b) and 2(c),
respectively; the line shapes are reproduced quite well.
As a result of the rather large value for TN in this ma-
terial, the position of the low-frequency Eu mode shows
relatively little temperature dependence before splitting
abruptly below the structural and magnetic transition;
the upper branch continues to harden with decreasing
temperature, while the lower branch softens, shown in
Fig. 2(d). The line width shown in Fig. 2(e) is decreas-
ing with temperature; below TN there is no discontinuity
as the widths of the new modes are roughly equal and
continue to decrease with temperature. Below TN the
oscillator strength of the lower branch is less than that of
the upper branch, but if the strengths of these two modes
are added in quadrature, they reproduce the strength of
the fundamental mode, as shown in Fig. 2(f). The asym-
metry parameter in Fig. 2(g) indicates that the modes
are all symmetric, both above and below TN .
The real part of the optical conductivity is shown with
the electronic background removed in Fig. 2(h) in the re-
gion of the high-frequency Eu mode at ' 254 cm−1 (the
curves have been offset for clarity). For T  TN , there
is some evidence that this mode splits, but the shoulder
just above the main peak is extremely weak and difficult
to refine. As a consequence, we have used only a single
oscillator to fit the data, while estimating the position
of the shoulder from the peak in the conductivity (the
width and oscillator strength of this feature are not de-
termined). The fit to the real and imaginary parts of
the optical conductivity at 5 K using the Fano line shape
reproduces the data quite well, as shown in Figs. 2(i)
and 2(j), respectively. Above TN the position of this
mode hardens with decreasing temperature before split-
ting below TN into a strong lower branch and a weak
upper branch, both of which continue to harden with
decreasing temperature, shown in Fig. 2(k). The width
the mode shown in Fig. 2(l) is decreasing continuously
with temperature and shows no anomalous behavior at
TN . The temperature dependence of the frequency and
position is consistent with the anharmonic decay scheme
(dotted lines). Above TN , the strength of this mode is
identical to that observed in CaFe2As2; however, below
TN this mode displays an unusual increase in strength.
The asymmetry parameter in Fig. 2(n) indicates that the
mode is symmetric, both above and below TN .
The calculated position of the high-frequency Eu mode
for SrFe2As2 in the tetragonal phase at 294 cm
−1 is once
again somewhat above the experimentally-observed posi-
tion at ' 257 cm−1 (taken just above TN ); however, the
nature of this mode is unchanged from CaFe2As2 with the
atomic intensities nearly identical (Table I). The calcu-
lated position of the low-frequency Eu mode at 98 cm
−1
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Figure 2. (a) The temperature dependence of the low-frequency Eu mode in the real part of the optical conductivity for
SrFe2As2 (TN ' 195 K) with the electronic background removed. (b) The results of the fit at 5 K to the real part of the optical
conductivity, and (c) the imaginary part. The temperature dependence of the (d) positions; (e) line widths; (f) strength of the
modes (for T < TN , the open circles are the strengths of the two modes added in quadrature); (g) asymmetry parameters. (h)
The temperature dependence of the high-frequency Eu mode in the real part of the optical conductivity with the electronic
background removed; the position of the fundamental is indicated by solid circles, below TN the position of the upper band is
denoted by the open circles. (i) The results of the fit at 5 K to the real part of the optical conductivity, and (j) the imaginary
part. The temperature dependence of the (k) position; (l) line width; (m) oscillator strength; (n) asymmetry parameter. Unless
otherwise indicated in the text, the dotted lines are drawn as a guide to the eye.
is significantly lower than the value of 127 cm−1 calcu-
lated for CaFe2As2, and is in reasonable agreement with
the experimentally-observed position at 109 cm−1; the
character of this mode is altered with the Sr atom now
playing a decreased role, and larger contributions from
the Fe and As atoms.
C. BaFe2As2
The detailed optical properties of BaFe2As2 have been
previously determined by us over a wide frequency range
above and below TN [67]. The real part of the optical
conductivity is shown in Fig. 3(a), with the electronic
background removed, in the region of the low-frequency
Eu mode at ' 94 cm−1 (the curves have been offset for
clarity). As in the other two cases, at room temperature
a single mode is observed; below TN it splits into two
modes at ' 93 and 97 cm−1. Using the previously de-
scribed approach, the Fano line shape is fit to the real and
imaginary parts of the optical conductivity at 5 K and
is shown in Figs. 3(b) and 3(c), respectively, reproducing
the data quite well. The position of the low-frequency Eu
mode above and below TN is shown in Fig. 3(d); overall,
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Figure 3. (a) The temperature dependence of the low-frequency Eu mode in the real part of the optical conductivity for
BaFe2As2 (TN ' 138 K) with the electronic background removed. (b) The results of the fit at 5 K to the real part of the optical
conductivity, and (c) the imaginary part. The temperature dependence of the (d) positions; (e) line widths; (f) strength of the
modes (for T < TN , the open circles are the strengths of the two modes added in quadrature); (g) asymmetry parameters. (h)
The temperature dependence of the high-frequency Eu mode in the real part of the optical conductivity with the electronic
background removed. (i) The results of the fit at 5 K to the real part of the optical conductivity, and (j) the imaginary part.
The temperature dependence of the (k) position; (l) line width; (m) oscillator strength; (n) asymmetry parameter. Unless
otherwise indicated in the text, the dotted lines are drawn as a guide to the eye.
this mode shows little frequency dependence, in agree-
ment with a previous study [64]. The line width shown in
Fig. 3(e) is decreasing with temperature; below TN there
is no discontinuity as the widths of the new modes are
roughly equal and continue to decrease with temperature.
Below TN the oscillator strength of the lower branch is
less than that of the upper branch. Unlike the other
two materials, when the strengths of the two modes are
added in quadrature, they fail to reproduce the strength
of the fundamental mode, as shown in Fig. 3(f). The
asymmetry parameter in Fig. 3(g) indicates this mode is
symmetric at high temperature; however, below TN both
modes display a pronounced asymmetry.
The real part of the optical conductivity is shown with
the electronic background removed in Fig. 3(h) in the re-
gion of the high-frequency Eu mode at ' 254 cm−1 (the
curves have been offset for clarity). At high temperature
a single mode is observed; below TN , unlike the previ-
ous two materials, we fail to observe an unambiguous
splitting. Other workers have observed a weak shoulder
in optical conductivity at ' 262 cm−1 which they at-
tribute to the splitting of this mode [64]; however, we
consider only a single oscillator. The fit to the real and
imaginary parts of the optical conductivity at 5 K using
the Fano line shape reproduces the data quite well, as
shown in Figs. 3(i) and 3(j), respectively. The position
8of this mode hardens with decreasing temperature until
it softens anomalously at TN before continuing to harden
slightly at low temperature. The softening is understood
as a splitting in response to the orthorhombic distortion
in which the upper branch is curiously silent. The width
of the mode, shown in Fig. 3(l), decreases with tempera-
ture, showing no discontinuity at TN . The temperature
dependence of the frequency and position are both con-
sistent with the anharmonic decay scheme (dotted lines).
Above TN , the strength of this mode is identical to that
observed in the other two materials; however, below TN
this mode increases dramatically in strength, shown in
Fig. 3(m). The asymmetry parameter in Fig. 3(n) indi-
cates that the mode is symmetric above TN , but develops
a slight asymmetry at low temperature.
The calculated position of the low-frequency Eu mode
at 87 cm−1 is in good agreement with the experimentally
observed position at ' 94 cm−1; however, in a continu-
ation of the trend observed in SrFe2As2, the character
of this mode has changed significantly with the Ba atom
now playing a reduced role with increased contributions
from the Fe and As atoms (Table I). The calculated posi-
tion of the high-frequency mode at 298 cm−1 is in reason-
able agreement with the experimentally observed value at
258 cm−1; interestingly, the vibrational character for this
mode remains unchanged across all three materials.
D. Phonon anomalies
In AFe2As2, the series of A= Ca, Sr and Ba repre-
sents the steadily increasing size of the alkali earth atom,
which is reflected by the increase in the size of the unit
cell (Table II). The vibrational properties of CaFe2As2
are an interesting point of departure in that they may be
described as more or less conventional; both Eu modes
harden with decreasing temperature as expected [78–80]
and the Eu → B2u +B3u splitting is observed below TN
for both modes. While one mode is typically stronger
than the other, when the strengths of the modes are
added in quadrature, the strength of the original Eu
mode is recovered. It is not unusual for the strengths of
the B2u and B3u modes to be different; however, in the
case of the high-frequency Eu mode they are significantly
different, Ω22/Ω
2
1 ' 0.05 [Fig. 1(m)]. This is rather sur-
prising as a simple empirical force-constant model [81]
that reproduces the positions of the vibrations below
TN indicates that while there is some difference in the
strengths of the low-frequency modes, the strengths of
the high-frequency B2u and B3u modes should be nearly
identical. In SrFe2As2, the low-frequency Eu mode
hardens with decreasing temperature and underdoes a
B2u + B3u splitting below TN ; the oscillator strength
is conserved. Beyond this point, any similarity with
the Ca compound vanishes; while the high-frequency Eu
mode appears to split below TN , the response is domi-
nated by the lower branch, while the shoulder that com-
prises the upper branch is extremely weak. In addition,
the strength of the lower branch is observed to increase
anomalously below TN [Fig. 2(m)] by nearly a factor of
two.
The most striking phonon anomalies occur in
BaFe2As2. While the splitting of the low-frequency Eu
mode is observed below TN [64], the strengths of the
new modes now sum to less than the original Eu mode
[Fig. 3(f)]. Additionally, both modes appear to have
asymmetric line shapes; considering that these modes
have an increased Fe and As atomic character, the pos-
sibility of lattice mode coupling to spin or charge excita-
tions within the conducting FeAs planes can not be dis-
counted. Furthermore, the high-frequency Eu mode fails
to demonstrate any splitting below TN and undergoes a
dramatic increase in oscillator strength of ' 2.3 [61, 64].
Below TN the spins order antiferromagnetically along the
a axis and ferromagnetically along the b axis [10, 82]. Op-
tical studies of mechanically-detwinned single crystals of
this compound indicate that there is a significant optical
anisotropy with the optical conductivity along the a axis
being roughly twice that along the b axis over much of
the infrared region [63, 83, 84]. The high-frequency mode
is only observed along the b axis below TN , and is thus
a B2u mode [63]. The absence of the B3u mode has been
attributed to screening effects [64]; however, given that
the conductivity anisotropy in the region of the mode is
only about a factor of two, screening seems unlikely [85].
The bonding in the highly-distorted FeAs planes oc-
curs from the hybridization of the Fe dxz and dyz and As
4p orbitals [86, 87]; below TN there is a strongly orbital-
dependent reconstruction of the electronic structure [88–
90], resulting in orbital ordering [91–98]. In this scenario,
degeneracy between the dxz and dyz orbitals is removed,
resulting in unequal occupations. The strength of an
infrared-active mode is calculated from the Born effective
charge on the atoms, which when taken with the atomic
displacements for a particular normal mode, is used to
calculate the strength of the dipole moment. Changes in
the strength of a mode require changes in either bonding
or coordination; the weak nature of the structural phase
transition rules out the latter, leaving only changes in
bonding as a reasonable explanation. Because there is a
spin-density wave (SDW) along the b axis, this also im-
plies that there is a weak bond-centered charge-density
wave (CDW) in this direction as well. It is possible
that the different charge densities associated with the
bonds may result in dramatically different dipole mo-
ments along the a and b directions in the magnetically-
ordered state, resulting in the increase in strength of the
B2u mode and the almost total extinction of the B3u
mode.
IV. CONCLUSIONS
The detailed temperature dependence of the in-plane
infrared active modes has been studied in AFe2As2 (A=
Ca, Sr, and Ba) above and below the structural and mag-
9Table II. The experimental and theoretical lattice constants and atomic fractional coordinates for the relaxed structure of
AFe2As2 (A= Ca, Sr, and Ba) for the high-temperature tetragonal I4/mmm space group. The c/a ratios have been fixed to
the experimental values in the calculations. The fractional coordinates for A atom is (0 0 0) and for the Fe atom (0 1
2
1
4
).
CaFe2As2 SrFe2As2 BaFe2As2
Cell parameters Experimenta GGA Experimentb GGA Experimentc GGA
a (A˚) 3.872 3.859 3.927 3.897 3.964 3.924
c (A˚) 11.73 11.69 12.37 12.27 13.02 12.88
As (0 0 z) 0.3612 0.3590 0.361 0.3526 0.361 0.3463
Fe–As (A˚) 2.369 2.312 2.396 2.320 2.452 2.322
As–Fe–As (◦) 109.6 113.1 110.1 114.3 107.8 115.4
a Ref 99.
b Ref 31.
c Ref 40.
netic transition at TN = 172, 195 and 138 K, respectively.
The phonon frequencies and atomic characters have also
been determined from first principles for each compound
in the high-temperature tetragonal phase. The CaFe2As2
material is the most conventional; the Eu → B2u + B3u
splitting into upper and lower branches is observed below
TN for both of the infrared-active modes. For the low-
frequency Eu mode, below TN the lower branch contin-
ues to soften with decreasing temperature, while the up-
per branch hardens. The high-frequency Eu mode splits
into upper and lower branches of very different strengths,
both of which continue to harden with decreasing tem-
perature in a fashion consistent with an anharmonic de-
cay scheme. For both modes, the oscillator strengths are
conserved across the transition, and none of the modes
shows any obvious asymmetry. The behavior of the low-
frequency Eu mode is similar in SrFe2As2; however, while
the high-frequency Eu mode is still observed to split in
this material, the upper branch is now extremely weak,
and the oscillator strength of the lower branch increases
anomalously below TN . This behavior is repeated in
BaFe2As2, except that now the oscillator strengths of
the low-frequency modes are no longer conserved; below
TN the high-frequency Eu mode softens anomalously into
a lower branch (B2u) [63] that increases dramatically in
strength with decreasing temperature, while the upper
branch (B3u) is now entirely absent. The presence of a
SDW (and possibly a weak CDW) along the b axis below
TN , suggests that the nature of the bonding along the a
and b axis has been altered due to orbital ordering, which
may lead to an increase in the strength of the B2u mode
and the almost total extinction of the B3u mode.
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Appendix: Lattice dynamics
The total energy of AFe2As2 (A= Ca, Sr, and Ba)
was calculated with the generalized gradient approxi-
mation (GGA) using the full-potential linearized aug-
mented plane-wave (FP-LAPW) method [100] with local-
orbital extensions [101] in the WIEN2k implementation
[102]. An examination of different Monkhorst-Pack k-
point meshes indicated that 175 k points (5×5×5 mesh)
and Rmtkmax = 8 was sufficient for good energy conver-
gence. The geometry of the unit cell was refined through
an iterative process whereby the volume was optimized
with respect to the total energy while the c/a ratio re-
mained fixed. The atomic fractional coordinates were
then relaxed with respect to the total force, typically re-
sulting in residual forces of less than 1 mRy/a.u. This
procedure was repeated until no further improvement was
obtained. A comparison of the experimental and cal-
culated (relaxed) unit cell parameters are shown in Ta-
ble. II. The unit cell parameters are somewhat smaller
than the experimentally-determined values, and the po-
sition of the As atom has shifted is closer to the Fe sheets.
The phonons have been determined using the direct
method. To determine the phonons at the zone center, a
1×1×1 supercell is sufficient. To obtain a complete set of
Hellmann-Feynman forces, a total of 6 independent dis-
placements are required; because there are always some
residual forces at the atomic sites we have considered
symmetric displacements, which doubles this number, re-
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sulting in a total of 12 atomic displacements. In this case,
displacement amplitudes of 0.03 A˚ were used. The cal-
culations have converged when the successive changes for
the forces on each atom are less than 0.1 mRy/au. The
residual forces are collected for each set of symmetric dis-
placements and a list of the Hellmann-Feynman forces are
generated. Using the program PHONON [103] the cumu-
lative force constants deconvoluted from the Hellmann-
Feynman forces are introduced into the dynamical ma-
trix, which is then diagonalized in order to obtain the
phonon frequencies; the atomic intensities are further cal-
culated to describe the character of the vibration. The
results are shown in Table I.
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